Abstract. Since multiphase machines have more additional degree of freedom than three-phase machine, which can be utilized to control other machines, a number of machines can be controlled independently. The stator windings of the machines can be series connected by an appropriate phase transposition, with the supply coming from a single multiphase inverter. This paper proposed a novel series-connected system, composed of two dual three-phase permanent magnet synchronous motors (PMSMs), one two-phase PMSM and a seven-phase voltage source inverter (VSI) and controlled using space vector PWM. In such a way, independent control of the three series-connected PMSMs is achieved. The simulation results indicated that three machines can operate independently while taking three different loads, supplied from the same seven-phase inverter.
Introduction
The study of the multiphase machine drive appeared in 1969. With the development of multiphase machines technology, multiphase machines are widely used in marine electric propulsion, railway traction, electric vehicle traction and more-electric aircraft [1] . Multiphase machine has the advantages of high torque density, small torque ripple, higher ripple frequency, less current harmonic of DC bus, high efficiency, fault tolerance and reliability, compared with the three-phase machine.
Dual three-phase PMSM as a kind of multiphase machine is used frequently at present, the main advantages of PMSM are wide speed range and high energy conversion efficiency. To compare with the three-phase machine, dual three-phase machine can eliminate the 5th and 7th harmonic magnetic potential which have the most impact on the performance, reduce the torque ripple greatly and improve the machine performance [2] .
Series-connected multi-motor system is mainly applied to the subway, ship propulsion, locomotive traction, extrusion unit, robot and heavy electrical applications. Previous studies indicate multiphase machines can be series connected by an appropriate phase transposition and fed from a single VSI. A symmetrical six-phase machine can be connected in series with a three-phase machine [3] . The research of series-connected five-phase two-motor system has been elaborated in [6] [7] [8] [9] [10] , as well as the series-connected seven-phase three-motor system [11] . What is more, the realization of the series-connected system is applicable not only to symmetrical but also to asymmetrical multiphase machines. Two asymmetrical six-phase machines (dual three-phase machines) can be series-connected by an appropriate phase transposition, supplied from the same inverter. This paper presents a novel topology, a series-connected two dual three-phase and two-phase three-motor drive system and proceeds as follow. Section 2 presents the drive system structure and section 3 performs the mathematical analysis on the space vector decoupling. Section 4 discusses the SVPWM technology in series-connected three-motor system, while the simulation results and conclusions of the study are summarized in Section 5 and 6.
Three Series-Connected PMSMs Drive Structure
The three series-connected PMSMs drive system supplied from a seven-phase VSI has four orthogonal components in a seven dimensional space. However, only two components are needed for field oriented (component with 90 degree phase shift). Thus, in this three-motor system, three orthogonal pairs are available to realize three field oriented controllers. To achieve the decoupling control of three machines, the stator windings of three machines need to be connected in series by a proper phase transposition. The connection diagram is given in Fig. 1 . As two-phase with spatial displacement of 90 degree between the phases, the current or voltage of neutral point is not zero applied the Y connection. Thus, add one bridge arm in the inverter and connect the neutral point of two-phase machine to the midpoint of this bridge arm, on which the duty cycle of the switching device should be 50%. According to clarke's decoupling transformation matrix for a symmetrical n-phase system, the decoupling transformation matrix for an asymmetrical six-phase system can also be derived as Eq. 1. The phase variables can be transferred to power invariant form of three-motor system by this decoupling transformation matrix. cos  cos  cos  cos  3  3  6  6  2  2  4  5  3  0 sin  sin  sin  sin  sin  3  3  6  6  2  4  2  5  3  1 1 cos  cos  cos  cos  cos  3  3  6  6  2  3  4  2  5  3  0 sin  sin  sin  sin  sin  3  3  6  6  2  1  1 ( )
Generally, an n-phase two-level VSI is characterized with 2 n voltage space vectors. Thus, for a dual three-phase PMSM there are 2 6 =64 space vectors, four of which are zero vector; for a two-phase PMSM there are 2 3 =8 space vectors, two of which are zero vectors. All the space vectors of three planes are easily calculated using Eq. 2, Eq. 3 and Eq. 4. The seven-phase VSI voltage space vectors of the three plane are shown in Fig. 2 . The Calculation of the Space Vectors Acting Time. According to the necessary conditions that the selected vectors must satisfy, for two dual three-phase machines, select the largest four neighboring non-zero vectors in each sector of α-β and z 1 -z 2 plane from Fig. 2 to synthesize the reference voltage vector, the amplitude value of which is 0.644U dc . And for two-phase machine, select two non-zero vectors in each sector of o 1 -o 2 plane from Fig. 2 is enough, the amplitude of which is U dc or 1.414U dc .
According to the projection relationship between the reference voltage vectors and the selected voltage vectors in α-β and z 1 -z 2 reference frames, the following matrix is obtained. 
After simplifying, the application times for both sets of four active space vectors are
The definition of the modulation index m is the ratio of the phase voltage fundamental peak value and a half of the DC bus voltage. For the SVPWM strategy, linear modulation range can reach the inscribe cycle of dodecagon formed by the twelve biggest space voltage vectors, so the maximum value of the reference voltage vector is 0.622U dc , thus m=1.244.
According to the projection relationship between the reference voltage vectors and the basic voltage vectors in sector Ⅰ, the following matrix is obtained. 1 2
Similarly, the application times of voltage vectors in every sector are obtained, shown in Table 1 . 
Due to the asymmetry of two-phase PMSM space voltage vectors distribution, the linear modulation range can reach the inscribe cycle of hexagon formed by the six space voltage vectors, and the maximum value of the reference voltage vector is 0.707 U dc , thus the modulation index m=1.414.
Space Vector PWM for the Three-Motor System
The simulation model of three series-connected PMSMs drive system is established in Matlab/Simulink, the parameters of two machines are shown in Table 2 and Table 3 . The simulation results are shown in Fig. 3 and Fig. 4 . 
Summary
This paper develops a novel mathematical model of a three series-connected PMSMs drive system using space vector decoupling and space vector PWM. The system is supplied by a single seven-phase VSI, which is fed to the stator using a proper phase transportation. Detailed analysis on SVPWM for the drive system is performed. The developed mathematical model is validated using Matlab/Simulink simulation approach, the results verify the three machines can operate independently without mutual influence while they take different loads.
